We hypothesized that adenosine, acting via the A 1 receptor, is a key factor in the homeostatic control of sleep. The increase in extracellular levels of adenosine during prolonged wakefulness is thought to facilitate the transition to sleep by reducing the discharge activity of wakefulness-promoting neurons in the basal forebrain. 
Introduction
Prolonged wakefulness increases the propensity to sleep and decreases the degree of arousal. We suggested that adenosine, an inhibitory neuromodulator, is the key component in mediating the sleepiness associated with previous wakefulness (homeostatic regulation) (for review, see Strecker et al., 2000) . Brain ATP metabolism is highest during wakefulness, and we hypothesize that, as a result of ATP breakdown, adenosine concentration increases, most markedly in the cholinergic basal forebrain (BF), a key anatomical substrate for the control of wakefulness and cortical activation (Szymusiak, 1995; Jones, 1998) .
Several lines of evidence have supported this hypothesis. In vitro data indicated that BF neurons were under the tonic inhibitory control of adenosine (Rainnie et al., 1994) . Microdialysis perfusion of adenosine in the BF reduced wakefulness in freely behaving cats (Portas et al., 1997) . Extracellular concentrations of adenosine in the BF were higher during spontaneous wakefulness than during non-rapid eye movement (REM) sleep (PorkkaHeiskanen et al., 1997) . In contrast to other brain regions, adenosine concentrations in the BF exhibited progressive increases during sustained, prolonged wakefulness, followed by a slow decline during recovery sleep . Microdialysis perfusion of an adenosine transport inhibitor s-( pnitrobenzyl)-6-thioinosine not only doubled extracellular concentrations of adenosine in the BF but also mimicked the state changes seen with recovery sleep (Porkka-Heiskanen et al., 1997) . Finally, adenosine inhibited the discharge activity of wakefulness-active neurons (Alam et al., 1999) .
Data suggest that the A 1 receptor mediates the adenosine effects in the BF. First, total sleep deprivation increased A 1 receptor mRNA levels in BF, whereas A 2A receptor mRNA-ligand binding remained undetectable (Basheer et al., 2001a) . Second, in vivo, the A 1 receptor agonist N 6 -cyclohexyladenosine inhibited the discharge activity of BF wakefulness-active neurons, but the A 2A receptor agonist CGS-16284 (4-[2-[[6-amino-9 -(N-ethyl-b-D-ribofuranuronamidosyl)-9H-purin-2-yl]amino]ethyl]benzenepropanoic acid hydrochloride) had no effect (Thakkar et al., 1999a) . Finally, in vitro, an A 1 antagonist increased the discharge rate of BF neurons (Rainnie et al., 1994) .
However, additional and more specific evidence was needed to test whether the A 1 receptor in the BF was a mediator of homeostatic changes in sleep. Pharmacological techniques were limited in specificity. Molecular techniques of constitutive receptor "knock-outs" are powerful but limited by developmental compensations and lack of specificity to brain areas of interest. Inducible knock-outs avoid some of the developmental constraints of constitutive knock-outs, but the technique is time consuming and difficult. Antisense technology is highly specific for receptor subtype, providing a localized, reversible receptor knock-down, and has been used successfully in many fields and recently by us in the study of behavioral state control (Thakkar et al., 1999b) . Accordingly, we used antisense deoxyoligonucleotides (ODNs) directed against the mRNA for the adenosine A 1 receptor. For better control of concentrations, local application of antisense ODNs in the BF was performed with microdialysis perfusion instead of microinjection. Experimental controls included the perfusion of nonsense ODNs and the immunohistochemical demonstration of antisense ODN-induced suppression of A 1 receptor in the BF and the absence of Fluoro-Jade staining evidence for neurotoxicity.
Materials and Methods

Experimental design
Recovery sleep after sleep deprivation is an essential paradigm to study the homeostatic mechanisms that regulate sleep-wakefulness because it separates homeostatic from circadian influences. Therefore, our primary experiment (experiment 2) was to study the effects of A 1 receptor antisense on recovery sleep after sleep deprivation. Another experiment (experiment 1) studied the effects of antisense ODNs on spontaneous sleepwakefulness, whereas a third experiment evaluated the potential neurotoxicity caused by antisense administration and the loss of A 1 receptor immunoreactivity after the microdialysis perfusion of A 1 receptor antisense.
Animals and surgery
Adult male Sprague Dawley rats were housed under constant temperature with ad libitum access to food and water and a 12 hr light/dark cycle (light, 7:00 A.M. to 7:00 P.M.; dark, 7:00 P.M. to 7:00 A.M.). Under sterile conditions and according to a standard surgical protocol (for details, see Thakkar et al., 2001) , the animals were implanted with electrodes for recording electroencephalograms (EEGs) and electromyograms (EMGs) for determination of behavioral state. Intracerebral guide cannulas, for later insertion of the microdialysis probes, were also implanted bilaterally at a 90°angle above the target site in the horizontal diagonal band/ substantia innominata region of the BF. We chose the cholinergic horizontal diagonal band/substantia innominata as the target site on the basis of our previous adenosine studies (Porkka-Heiskanen et al., 1997; Portas et al., 1997; Thakkar et al., 1999a) and because a majority of neurons in this region have their highest discharge during wakefulness (wakefulness-active) (Szymusiak, 1995; Thakkar et al., 1999a) . The bilateral target coordinates (Paxinos and Watson, 1997) for the tips of the 2 mm probes were as follows (in mm): anteroposterior, Ϫ0.35; mediolateral, Ϯ2.0; and dorsoventral, Ϫ8.5 relative to bregma and skull surface at bregma. Every effort was made to minimize animal suffering and to reduce the number of animals used, and all animals were treated in accordance with the policy on care and use of laboratory animals by the American Association for Accreditation of Laboratory Animal Care.
Adenosine A 1 receptor antisense
A 21 bp phosphorothioate oligonucleotide antisense designed against the mRNA of A 1 receptor had been used previously to study ethanol-induced locomotor behaviors (Biggs and Myers, 1997; Phan et al., 1997 Phan et al., , 1999 but had never been used to study its effect on sleep-wakefulness. The antisense sequence 5-GATGTAGGGC GGCATGGTGG G-3 was custom synthesized by Gene Link (Hawthorne, NY). The same sequence of bases was randomized and was used for the synthesis of the nonsense oligonucleotides (Gene Link). The antisense or nonsense ODNs were resuspended in Tris buffer, pH 8.0, per the instructions of the vendor (Gene Link) and divided into aliquots in sterile vials. The concentration of antisense perfused [20 M in artifical CSF (ACSF)], the hours per day of perfusion, and the number of days of perfusion were determined on the basis of the results of initial dose-finding experiments. Previous in vitro recovery experiments done in our laboratory indicated that Ͻ1% of the antisense diffused through the dialysis membrane, thus delivering Ͻ0.2 M immediately outside the probe (Thakkar et al., 1999b) .
Antisense ODNs are short chains of deoxynucleic acids (ϳ20 nucleotides) targeted to a specific mRNA sequence (A 1 receptor in the present report) of complementary bases. One possible mechanism of action is blocking the translation of the targeted mRNA by the nucleotide bases of the antisense ODNs that form hydrogen bonds with the complementary nucleotide bases of the targeted mRNA (Stein and Cohen, 1988; Walder and Walder, 1988) . Another possible mechanism of action of ODNs is functioning as a substrate (ODN:mRNA complex) for enzymatic degradation by RNase H (Walder and Walder, 1988; Wahlestedt, 1994) . Pinocytosis or receptor-mediated endocytosis is the primary means of ODN uptake (Loke et al., 1989; Yakubov et al., 1989; Stein et al., 1993) , although other mechanisms are also involved (Krieg et al., 1993) . The phosphorothioate analogs, wherein one sulfur molecule is substituted for one of the oxygen molecules, are known to be more resistant to degradation, have enhanced uptake and efficacy (Nicot and Pfaff, 1997) , and have been infused continuously (both locally and intracerebroventricularly) without any toxic effects (Neckers and Whitesell, 1993; Thakkar et al., 1999b) .
Methodological issues with antisense use
In most of the literature on antisense experiments, the preferred controls for specificity of the antisense sequence have included administration of "scrambled ODNs" (or nonsense, with the same bases as the antisense but a randomized sequence) and "sense ODNs" (sequence identical to the target mRNA). Lately, however, it has been suggested that sense controls do not provide any additional advantage over nonsense ODNs, especially because any potentially critical sequence motifs (recurring sequences of 3-8 bases in the mRNA) that may contribute to the structure or function of the targeted mRNA are lost (Stein, 1999) . In addition, sense ODNs are known to produce nonspecific effects (Helene and Toulme, 1990; Nicot and Pfaff, 1997; Kalra and Kalra, 2000) , including inhibition of the targeted protein (Georgieva et al., 1995) , and therefore, several recent studies (in vivo and in vitro) have not used the sense control (Turchi and Sarter, 2001; Clayton et al., 2002; Frantseva et al., 2002; Grimpe et al., 2002; Torner et al., 2002) . There also appears to be agreement that demonstration of antisense-induced suppression of the desired protein without any neurotoxicity and reversal of the behavioral changes after termination of antisense administration are essential to ascertain the efficacy and specificity of antisense (Nicot and Pfaff, 1997; Stein, 1999 Stein, , 2001 ).
Use of microdialysis probe for local application of A 1 receptor antisense
In some antisense application studies, including those of antisense to the A 1 receptor (Biggs and Myers, 1997; Phan et al., 1997) , multiple microinjections of antisense were performed; however, multiple microinjections, especially with high concentrations of antisense, may cause neurotoxicity (Chiasson et al., 1994) . Microdialysis perfusion has several advantages over microinjection techniques (Quan and Blatteis, 1989; Portas et al., 1997; Thakkar et al., 1998 Thakkar et al., , 1999b , including the ability to deliver very low and constant concentrations of antisense, thus likely reducing the probability of any neurotoxic damage.
Microdialysis perfusion and electrographic recordings of sleep-wakefulness
Experiments were conducted in a sound-attenuated chamber that had the same temperature and light conditions as the animals' home cages, with food and water available ad libitum. After 5 d of postoperative recovery and habituation, the microdialysis probes were inserted through the guide cannula. After 12 hr of recovery from probe insertion, the experiment was begun. CMA/11 probes were used with a 2 mm length and 0.24 mm outer diameter dialyzing membrane (CMA Microdialysis, Acton, MA). Subjects were connected to a polygraph cable for behavioral state recording and then to the probe inlet and outlet tubing (1 m pieces of low dead volume polytetrafluorethylene tubing; CMA Microdialysis). ACSF (in mM: 147 NaCl, 3 KCl, 1.2 CaCl 2 , and 1.0 MgCl 2 , pH 7.2), antisense or nonsense ODNs, or both were perfused at a flow rate of 1.0 l/min. The detailed protocol for each experiment is presented below.
Experiment 1: effect of microdialysis perfusion of antisense ODNs against A 1 receptor on spontaneous sleep-wakefulness
The main aims of this experiment were to identify the effect of ODN perfusion on spontaneous sleep-wakefulness, the time of maximum effect, and the duration of the effect after antisense ODN perfusion. Two separate groups of animals were used for this experiment. Both of the groups received identical treatment (described in detail below), except that animals of group 1 (n ϭ 6) were perfused with antisense ODNs, whereas the animals in group 2 (n ϭ 6) were perfused with nonsense ODNs.
The experimental protocol consisted of 5 d of continuous electrographic recordings (24 hr each day, with each day scored from 7:00 A.M. to 7:00 A.M. the next day), during which there were 3 d of microdialysis perfusion. The detailed protocol is outlined below.
Control day. ACSF was continuously and bilaterally perfused for 8 hr (10:00 A.M. 6: 00 P.M.).
ODN days 1 and 2. The protocol was the same as the control day except that 20 M of antisense (group I) or nonsense (group II) to the A 1 receptor (ACSF vehicle) was perfused bilaterally for 8 hr (10:00 A.M. to 6:00 P.M.) instead of ACSF on each of the ODN days.
Post-ODN days 1 and 2. During post-ODN days 1 and 2, there was no microdialysis perfusion, but the behavior of the animal was recorded continuously.
Experiment 2: effect of antisense ODNs against A 1 receptor on recovery sleep after 6 hr of sleep deprivation
The main aim of this experiment was to identify the effect of the A 1 receptor on the homeostatic regulation of sleep-wakefulness. The animals were divided into three groups. All three groups received identical treatments (details are given below), except that group I animals (n ϭ 6) were perfused with ACSF, group II animals (n ϭ 4) were perfused with nonsense ODNs, and group III animals (n ϭ 6) were perfused with antisense ODNs.
The experimental protocol consisted of 3 d of continuous electrographic recordings (24 hr each day) with 2 d of microdialysis perfusion (for scoring, an experimental day ran from 7:00 A.M. to 7:00 A.M. the next day). On the third day, total sleep deprivation was performed for 6 hr (1:00 P.M. to 7:00 P.M.), followed by 12 hr of undisturbed recovery sleep. Our preliminary studies on spontaneous sleep-wakefulness indicated that the effect of A 1 receptor antisense on sleep-wakefulness peaked on the first day after perfusion of antisense ODNs to the A 1 receptor. Therefore, the day after 2 d of antisense perfusion was chosen to perform the sleep deprivation-recovery sleep experiment. The detailed protocol is outlined below.
Days 1 and 2. ACSF (group I) or nonsense (group II) or antisense (group III) ODNs were perfused continuously and bilaterally for 8 hr (10:00 A.M. to 6:00 P.M.) on each day.
Sleep-deprivation day. During the sleep-deprivation day, there was no microdialysis perfusion, but sleep deprivation was performed for 6 hr by means of gentle handling with sound and tactile stimulation, beginning at 1:00 P.M. and ending at 7:00 P.M., followed by an undisturbed recovery sleep period from 7:00 P.M. to 7:00 A.M. By performing sleep deprivation during the light (inactive) period, the normal sleeping period in rodents, sleep pressure was maximized, and by ending the deprivation just at the onset of the lights-off period (7:00 P.M., beginning the active period), any ceiling effects on sleep response to deprivation were minimized.
Evaluation of A 1 receptor immunoreactivity and potential neurotoxicity at the site of A 1 receptor antisense perfusion
The main aim of this experiment was to evaluate potential neurotoxicity and the loss of A 1 receptor immunoreactivity after microdialysis perfusion of A 1 receptor antisense ODNs. Our preliminary studies on spontaneous sleep-wakefulness indicated that the effect of A 1 receptor antisense on sleep-wakefulness peaked on the first day after perfusion of antisense ODNs to the A 1 receptor antisense for 2 d but returned to normal values on the second day after ODN perfusion stopped. This meant that, to assess the potential neurotoxicity and suppression of A 1 receptor immunoreactivity, the animals would have to be killed on the day after ODN perfusion (the third day of the experiment). Because both experiment 1 and experiment 2 continued, at a minimum, until the beginning of day 4 (2 d after ODN perfusion), a separate group of animals was used for this experiment. These animals were implanted with bilateral probes and were perfused with antisense ODNs on one side and nonsense ODNs on the other side for 2 d and killed on day 3, as detailed below. No electrographic recordings were performed in these animals.
Days 1 and 2. Bilaterally implanted animals (n ϭ 4) were perfused continuously with antisense ODNs on one side and nonsense ODNs on the other side for 8 hr (10:00 A.M. to 6:00 P.M.) on each day.
Day 3. All animals were killed on day 3 between 10:00 A.M. and 12:00 P.M. The brains were removed and processed for A 1 receptor immunohistochemistry and Fluoro-Jade and cresyl violet staining. A 1 receptor immunohistochemistry was performed to evaluate the loss of A 1 receptor, whereas Fluoro-Jade and cresyl violet staining were performed to assess the potential neurotoxic effects of antisense administration.
Histology and identification of the perfusion site
After completion of the experiments, all of the animals were deeply anesthetized with sodium pentobarbital and then perfused with 500 ml of cold saline, followed by 2% formaldehyde in 0.1 M phosphate buffer. The BF was isolated, blocked, postfixed, and cryoprotected in 20% sucrose-0.1 M phosphate buffer. The blocked BF was cut in 40 m coronal sections, and one in three sections was processed for choline acetyltransferase (ChAT) immunohistochemistry (Thakkar et al., 2001 ) with DAB as the chromogen (ChAT primary antibody from Chemicon, Temecula, CA) to localize the perfusion site (experiments 1 and 2).
The area of perfusion was processed to determine the loss of A 1 receptor immunoreactivity after 2 d (16 hr) of antisense-nonsense ODN perfusion. A 1 receptor immunohistochemistry (Thakkar et al., 2002a ) (A 1 receptor primary antibody from Chemicon) was performed in every third section with DAB as the chromogen.
Neurotoxicity assessment of antisense administration by Fluoro-Jade and cresyl violet staining
The exact mechanism of Fluoro-Jade staining of degenerating neurons is unclear, but it has been suggested that the acidic Fluoro-Jade dye binds to an undefined component of the degenerating neuron (Schmued et al., 1997; Eisch et al., 1998; Hopkins et al., 2000; Savaskan et al., 2000) and fluoresces. The details of the protocol are as follows. Sections adjacent (120 m apart) to those processed for cresyl violet staining were processed for Fluoro-Jade staining, with a positive Fluoro-Jade label indicating neurodegeneration. First, the sections were mounted onto gelatincoated slides and allowed to dry in the oven (35°C). Once the sections had dried, they were incubated in 100% ethanol for 3 min, followed by 1 min incubation in 70% ethanol and in distilled water. Sections were then incubated in 0.06% KMnO 4 for 15 min with gentle shaking. This was followed by a 1 min rinse in distilled water, and then the sections were incubated in a solution composed of 0.001% Fluoro-Jade (Histo-Chem, Jefferson, AR) in 0.1% glacial acetic acid for 30 min. Sections were then washed (three successive 1 min rinses) in distilled water and air dried. Once the sections were dried, they were incubated in xylene and mounted under coverslips with DPX (a mixture of distyrene, tricresyl phosphate, and xylene) (Sigma-Aldrich, St. Louis, MO) neutral mounting medium. Cresyl violet staining was performed by a previously described protocol (Paxinos and Watson, 1997; Thakkar et al., 2002b) .
Analysis of behavioral states
Behavioral state data were acquired and digitized with Harmonie software (Stellate Systems, Montreal, Canada). The electrographic data were scored separately (visually, 30 sec epochs) for the light period and the dark period (Thakkar et al., 2001) . The behavior of the animals was divided into three states and scored as follows: (1) wakefulness (which included both active and quiet wakefulness), determined by the presence of low-amplitude, high-frequency desynchronized EEG with the concomitant presence of active muscle tone; (2) non-REM sleep, determined by the presence of low-frequency, high-amplitude, synchronized EEG with low EMG tone; or (3) REM sleep, determined by complete absence of muscle tone along with desynchronized EEG.
Spectral analysis
Increases in delta power (1-4 Hz) during recovery sleep are an important indicator of the homeostatic regulation of sleep (Franken et al., 1991) . Therefore, in addition to behavioral state scoring, spectral analysis of the EEG (30 sec epochs; Harmonie software; Stellate Systems) was performed to investigate the effects of A 1 receptor antisense perfusion on the total delta power during the first 5 hr (7:00 P.M. to 12:00 A.M.) of recovery sleep after sleep deprivation. Because of variability in recordings of delta activity across animals, the delta power values during recovery sleep were normalized and expressed as the percentage of delta power at the corresponding clock time during a nonrecovery day (previous day or ODN day 2) for each animal; the use of each animal as its own control in experiments affecting delta activity is standard in the literature (Tobler and Borbely, 1990) . Our data on spontaneous sleep-wakefulness indicated that there was no effect of A 1 receptor antisense on sleepwakefulness on ODN day 2.
Statistics
Experiment 1. We used paired Student's t tests to compare the effect of antisense perfusion on spontaneous sleep-wakefulness. The percentage of time spent in wakefulness, non-REM sleep, and REM sleep during control day perfusion was compared with subsequent days of antisense and postantisense perfusion. Light and dark periods were analyzed separately. Similar analyses were performed to compare the effect of nonsense perfusion on spontaneous sleep-wakefulness.
Experiment 2. We used a Student's t test to compare the effect of antisense-nonsense perfusion on recovery sleep after 6 hr of sleep deprivation. The amount of time spent in wakefulness, non-REM sleep, and REM sleep was computed for each hour during the 12 hr of recovery sleep. Control groups (ACSF and nonsense) were compared with each other, and each group was also compared with the antisense group.
Results
Histology
All of the microdialysis probe tips were located in the cholinergic zone of the BF in or near the horizontal diagonal band/substantia innominata/magnocellular preoptic nucleus region (Fig. 1 A) . The presence of intact ChAT-immunoreactive neurons in and around the site of perfusion (Fig.  1 B) suggests that there were no toxic effects of antisense or nonsense perfusion on the synthesis of this protein.
Experiment 1: spontaneous sleep and wakefulness
Microdialysis perfusion of antisense ODNs against mRNA of the A 1 receptor had significant effects on spontaneous duration of bouts of sleep-wakefulness during both the light and the dark period (Fig.  2) . The maximum effect was seen on post-ODN day 1, whereas effects on ODN day 1 and 2 were comparable with those on the control day (except for REM sleep). In addition, most of the effects normalized on post-ODN day 2, which suggests the effects of antisense ODNs were reversible. Of note, the animals that received nonsense ODNs did not show any significant alterations in spontaneous bouts of sleepwakefulness during either the light or the dark period.
During post-ODN day 1, the animals perfused with antisense ODN spent a significantly higher percentage of time in wakefulness during both the light (t ϭ 3.01; df ϭ 5; p Ͻ 0.05) and the dark (t ϭ 3.36; df ϭ 5; p Ͻ 0.05) period compared with the control (ACSF) day (Fig. 2) . Although the mean values of wakefulness during post-ODN day 1 and post-ODN day 2 (dark cycle) were similar, the amount of time the animals spent in wakefulness during post-ODN day 2 compared with the control day did not reach statistical significance (t ϭ 1.98; df ϭ 5; p Ͼ 0.05) because of increased variability. Interestingly, the same group of animals spent a significantly reduced amount of time in non-REM sleep during the light period (t ϭ 2.84; df ϭ 5; p Ͻ 0.05), whereas during the dark period, non-REM sleep was unaffected.
REM sleep, on the other hand, did not show any significant change during the light period on any day. However, it was significantly reduced during the dark period on ODN day 2 (t ϭ 2.5; df ϭ 5; p Ͻ 0.05) and post-ODN day 1 (t ϭ 2.73; df ϭ 5; p Ͻ 0.05) compared with control day perfusion. In addition, although the effect on wakefulness and non-REM sleep returned to control values on post-ODN day 2 (during both the light and the dark period), the decrease in REM sleep seen during the dark period on ODN day 2 and post-ODN day 1 persisted during the dark period on post-ODN day 2 (t ϭ 2.5; df ϭ 5; p Ͻ 0.05) (Fig. 2) . In two animals, we continued the electrographic recordings and ob- Figure 1 . A, Schematic representation of the anatomical location of the histologically identified probe tip sites in 28 animals. All sites were located between anteroposterior Ϫ0.2 and Ϫ0.8 mm and were mapped onto this one coronal brainstem section (Ϫ0.4 mm; adapted from Paxinos and Watson, 1997) . Probes were placed bilaterally in each animal. The bilateral antisense perfusion sites (total on each side, n ϭ 12; n ϭ 6 each for experiments 1 and 2) are represented by solid red circles, the nonsense perfusion sites (total on each side, n ϭ 10; n ϭ 6 for experiment 1 and n ϭ 4 for experiment 2) are represented by solid black circles, and the ACSF perfusion sites (n ϭ 6 for experiment 2) are represented by solid blue circles. HDB, Nucleus of horizontal limb of the diagonal band; LPO, lateral preoptic nucleus; MCPO, magnocellular preoptic nucleus; SIB, substantia innominata basal; VP, ventral pallidum; VLPO, ventrolateral preoptic region. For identification of unlabeled structures, see Paxinos and Watson (1997) . B, Representative photomicrograph of an antisense perfusion site in the cholinergic BF. The lesion (arrow) caused by the microdialysis probe is located in the midst of cholinergic neurons, the intact staining of which for ChAT indicates an absence of antisense-induced toxic effects on synthesis of this protein. Scale bar, 50 m.
served that the decrease in REM sleep (during the dark period) returned to baseline levels on post-ODN day 3 (data not shown).
Experiment 2: controls
The nonsense ODN-treated (n ϭ 4) and ACSF-treated (n ϭ 6) animals did not show any significant difference in any of the behavioral states or delta power during any hour of the first 5 hr after deprivation (t test; all p values Ͼ0.05) (Fig. 3) , when the experimental groups showed changes. Thus, for presentation of the results, the nonsense and ACSF control groups were pooled and compared with the antisense-treated group.
Postdeprivation recovery sleep
This experiment used postdeprivation recovery sleep as a measure of the homeostatic regulation of sleep.
Wakefulness
During the 12 hr of recording after 6 hr of deprivation, the antisense-treated animals spent a significantly greater amount of time in wakefulness than the pooled (control and nonsense) groups ( p Ͻ 0.01), with the significant differences occurring during the first 5 hr of recovery sleep (Fig. 4 A) . Although the pooled controls and antisense groups did not differ in the first hour (t ϭ 0.08; df ϭ 14; p Ͼ 0.05), there was significantly greater wakefulness in the antisense group during the second (t ϭ 3.37; df ϭ 14; p Ͻ 0.01), third (t ϭ 3.58; df ϭ 14; p Ͻ 0.01), fourth (t ϭ 3.12; df ϭ 14; p Ͻ 0.01), and fifth (t ϭ 3.36; df ϭ 14; p Ͻ 0.01) hours, with the maximal difference of 77% more wakefulness in the antisense group occurring during the second hour. The antisense-treated animals spent ϳ50% more time in wakefulness during the third, fourth, and fifth hours than the pooled controls. The wakefulness values in the antisense-treated animals during the subsequent 7 hr of recovery sleep were comparable with those of pooled controls.
Non-REM sleep
The amount of non-REM sleep in the antisense group was significantly reduced compared with the pooled control groups during the 12 hr of recovery sleep after the 6 hr of sleep deprivation. The Figure 2 . Effect of microdialysis perfusion of antisense oligonucleotides against the mRNA of the A 1 receptor on spontaneous bouts of sleep-wakefulness in freely behaving animals during both the light period (top) and the dark period (bottom). During the control day (open bar), ACSF was perfused for 8 hr (from 10:00 A.M. to 6:00 P.M.). This was followed by microdialysis perfusion of antisense for 16 hr, delivered over 2 d (8 hr each day, from 10:00 A.M. to 6:00 P.M.). The top graph shows that, during the light period, there was a significant increase in wakefulness ( p Ͻ 0.05; paired t test) and a significant decrease in non-REM sleep ( p Ͻ 0.05; paired t test) on the first day after antisense perfusion (post-ODN day 1; solid bars) compared with the control (ACSF) day, whereas waking (W) and non-REM sleep were not different from control levels on post-ODN day 2 (gray bars). There was no effect on REM sleep. During the dark period (bottom), there was a significant ( p Ͻ 0.05; paired t test) increase in wakefulness (W) but no change in non-REM sleep on post-ODN day 1 (solid bar) compared with control day (open bar), whereas both waking and non-REM sleep were not different from control levels on post-ODN day 2. There was a significant decrease in REM sleep ( p Ͻ 0.05; paired t test) on both post-ODN day 1 and 2 (gray bar). For details, see Results. *p Ͻ 0.05. time course of differences in the first 5 hr paralleled and were inverse to those of wakefulness (Fig. 4 B) . During the first hour, the groups did not differ in time spent in non-REM sleep (t ϭ 0.5; df ϭ 14; p Ͼ 0.05), but there were significantly lower amounts of non-REM sleep in the antisense group during the second (t ϭ 4.06; df ϭ 14; p Ͻ 0.01), third (t ϭ 4.08; df ϭ 14; p Ͻ 0.01), fourth (t ϭ 4.85; df ϭ 14; p Ͻ 0.01), and fifth (t ϭ 3.3; df ϭ 14; p Ͻ 0.01) hours. The maximal difference of ϳ60% less non-REM sleep in the antisense group was observed during the third hour, whereas 40 -50% differences in non-REM sleep were seen during hours 2, 4, and 5. During the last 7 hr of recovery sleep, the amount of time spent in non-REM sleep by the antisense-treated animals was comparable with the values of the pooled controls.
REM sleep
Although the antisense group showed mean values of REM sleep that were smaller than those of the control group, particularly in the first 5 hr after deprivation (Fig. 4C ), these were not statistically significant. This was true for both the hour-by-hour comparisons and the 12 hr time period after deprivation.
Spectral analysis
Because of technical difficulties, data were available in only five of the six ACSF-treated animals. Delta power was expressed as the percentage of delta power at the corresponding clock time (7:00 P.M. to 12:00 A.M.) during ODN day 2 (the previous day). There were significant decreases in the percentage of delta power values in antisense-treated animals during all 5 hr of recovery sleep compared with the pooled controls (Fig. 5) . During the first hour, the antisense animals showed almost a 60% decrease in total delta power (t ϭ 3.61; df ϭ 13; p Ͻ 0.01) compared with pooled controls. The maximum decrease in the delta power of ϳ75% was observed during the third hour, whereas hours 2, 4, and 5 showed between 60 and 70% reduction in delta power in antisensetreated animals compared with pooled controls (Fig. 5 ).
Immunohistochemistry and potential neurotoxicity
Immunohistochemical analyses of the effects of ODN perfusion revealed extensive suppression of A 1 receptor only in response to antisense perfusion (Fig. 6) ; nonsense perfusion did not show any effect. There was a substantial loss of A 1 receptor immunoreactivity near the site of perfusion, extending ϳ1-2 mm around the perfusion site. Fluoro-Jade staining and cresyl violet (Nissl) staining did not indicate neurotoxic damage in the area surrounding the probe tip after the perfusion of antisense (Fig. 7) , because Fluoro-Jade fluorescence was present only in a restricted region immediately proximate to the tip.
Discussion
In this study, we examined the role of adenosine, acting at the A 1 receptor, as a homeostatic regulator of sleep-wakefulness in the cholinergic BF. The data revealed the following. (1) Microdialysis perfusion of antisense ODNs against the adenosine A 1 receptor in the cholinergic zone of the BF after 6 hr of sleep deprivation reduced both time in recovery non-REM sleep and delta power, enhanced wakefulness, and, during spontaneous bouts of sleepwakefulness, reduced time in sleep while enhancing wakefulness. Increased wakefulness ( A) and decreased non-REM sleep ( B) effects of antisense oligonucleotides against the mRNA of the adenosine A 1 receptor during the first 5 hr of the recovery sleep period (left part of each graph) after 6 hr of sleep deprivation compared with control animals (pooled ACSF and nonsense treatment groups, ACSF ϩ NS). There was a significant increase in wakefulness and a decrease in non-REM sleep during the second, third, fourth, and fifth hours. REM sleep (C ) did not show significant differences. The right part of the graphs (within box) shows that, for the subsequent 7 hr, there was no compensation for the antisense-induced changes in wakefulness and non-REM. Ordinate is mean Ϯ SEM percentage of time spent in each behavioral state, and abscissa is time of day, with lights off occurring at 7:00 P.M. and lights on occurring at 7:00 A.M. **p Ͻ 0.01. (2) In contrast, microdialysis perfusion of nonsense ODNs in the same region had no effect on recovery sleep after 6 hr of sleep deprivation or on spontaneous bouts of sleep-wakefulness. (3) The effects of antisense were not confounded by neurotoxicity, as measured by Fluoro-Jade staining and the continued presence of ChAT staining. These data provide important new evidence implicating adenosine, acting at the A 1 receptor, as a key component in the regulation of behavioral states and point to the BF as a key anatomical site.
Use of antisense to suppress A 1 receptor expression These experiments are, to the best of our knowledge, the first to use adenosine A 1 receptor antisense in elucidating the role of adenosine in behavioral state control and using antisense ODNs to create a reversible knock-out or knock-down of the A 1 receptor. Antisense technology appears to provide a significant advantage over various other techniques, especially in understanding the role of specific receptor subtypes, and, when accompanied by adequate controls, it provides a highly specific and reversible means for inhibition of particular gene expression.
Effect of A 1 receptor antisense on A 1 receptor immunoreactivity and absence of evidence for neurotoxic effects Evidence of the predicted action on the targeted protein was evinced by A 1 receptor immunohistochemistry showing a marked loss of A 1 receptor immunoreactivity in and around the site of antisense perfusion compared with that of nonsense perfusion (Fig. 6) . Variability in immunohistochemical staining was minimized by performance of both the nonsense and the antisense perfusions in the same animal on homotopic contralateral BF sites. The higher-magnification photomicrographs show clearly visible A 1 receptor-labeled cell bodies on the nonsense side (Fig. 6D) , whereas mainly background staining is visible on the antisense side (Fig. 6C) .
Fluoro-Jade staining for neuron degeneration provided no evidence of any antisense-induced neurotoxic damage (Fig. 7) , because the only damage observed was immediately adjacent to the probe, was as prominent with application of antisense or nonsense, and was not present in the region in which immunohistochemistry staining indicated loss of the A 1 receptor (Figs. 6, 7) . Moreover, the continued presence of intact ChAT-labeled neurons in and around the antisense perfusion site also suggested that antisense perfusion did not cause any neurotoxic damage.
Effect of A 1 receptor antisense on spontaneous sleep-wakefulness
The primary effect of A 1 receptor antisense perfusion in the BF during spontaneous sleep-wakefulness was to increase wakefulness (ϳ20%) and decrease spontaneous non-REM sleep (ϳ20%). However, the effect on spontaneous wakefulness-non-REM sleep was not as strong as that seen during postdeprivation sleep, which indicates a primary role of the A 1 receptor in homeostatic mediation.
The timing of the maximum effect of adenosine A 1 receptor antisense in the present study (post-ODN day 1, which indicates a 24 hr turnover time for the A 1 receptor) showed a similar time course range as in the other A 1 receptor antisense study (Phan et al., 1999) . As an indicator of reversibility, most of the alteration in the behavioral states seen on post-ODN day 1 had returned to baseline values on post-ODN day 2, and all returned to baseline in animals recorded beyond this time point.
Effect of A 1 receptor antisense in the BF on recovery sleep after sleep deprivation We considered recovery sleep after sleep deprivation to be an ideal experimental paradigm to study the homeostatic regulation of sleep-wakefulness because it is a direct measure of sleep homeostasis, and therefore it constituted our primary experiment. Sleep deprivation was performed on the day (post-ODN day 1) when we had found the A 1 receptor antisense showed the maximum effect on spontaneous sleep-wakefulness. To build up maximum sleep pressure and allow its optimal measurement, we timed the sleep deprivation to occur from 1:00 P.M. to 7:00 P.M., during the light period when the animals normally slept, and to end coincident with lights off, the time when the animals were normally awake, and thus allow a measure of postdeprivation sleep without the "ceiling effect" that might have occurred had we used sleep deprivation at the start of the normal sleep period (7:00 A.M. to 1:00 P.M.).
Microdialysis perfusion of A 1 receptor antisense caused a statistically significant and large (ϳ50%) reduction in the amount of time the animals spent in non-REM sleep during the second through the fifth hour after deprivation, with a concomitant increase in wakefulness. Importantly, spectral analysis revealed that the antisense-treated animals showed a significant, even larger (60 -75%) decrease in percentage of delta power during all 5 hr of recovery sleep.
The increase in delta power during recovery sleep after sleep deprivation is considered to be an indicator of the homeostatic regulation of sleep (Franken et al., 1991) . Thus, the decrease in delta power in antisense-treated animals further strongly supports our hypothesis that adenosine and the A 1 receptor are the key components in the homeostatic regulation of sleepwakefulness. Our expression of delta power values during recovery sleep as the percentage of delta power at the corresponding clock time during a nonrecovery day (previous day or ODN day 2) is standard in the literature as a way of overcoming interanimal variation in strength of the recorded delta (Tobler and Borbely, 1990) . The decrease in delta power during the first hour of recovery sleep in the antisense-treated animals without a reduction in the time spent in non-REM sleep suggests that delta power is a more sensitive indicator of the homeostatic regulation of sleep than is duration of non-REM sleep. That non-REM duration did not change in the first hour might be attributable to transient adenosine accumulation at other brain sites, especially cortex, which might have exerted a short-term homeostatic effect . The magnitude of the observed change in sleep and delta power provides a conservative estimate of adenosinergic influence on homeostatic control of sleep, because it is unlikely that the microdialysis application of antisense reached all of the cholinergic BF. One of the more noteworthy findings is that, despite the large differences in sleep and wakefulness in the 5 hr after deprivation between the antisense-treated and control animals, the antisense-treated animals did not show any compensatory changes during the subsequent 7 hr after deprivation. The antisense effect thus did not represent a postponement of changes but rather an absence of marked alterations, as if part of the coupling mechanism for signaling homeostatic changes had been disconnected. This, of course, is consistent with our postulated homeostatic signaling role for BF adenosine acting at the A 1 receptor.
Although effects of antisense to the A 1 receptor on the REM phase of sleep were not statistically significant on an hour-byhour basis, for the first 5 hr after deprivation, the antisenseperfused animals had consistently less REM sleep than the control animals, and larger numbers might have produced a significant effect. The slightly decreased REM sleep could be a simple reflection of more wakefulness with less opportunity for REM, a result of BF-to-brainstem projections thought to be activated during wakefulness and to be REM suppressive , or both.
Finally, recent data indicate that adenosine, acting via the A 1 receptor, may have long-term effects, including activation of the nuclear transcription factor-B and the upregulation of A 1 adenosine receptor mRNA (Basheer et al., 2001b) , effects that may be mediated via IP 3 receptor-regulated calcium release from intracellular stores (Basheer et al., 2002) , a release that occurred only in cholinergic neurons.
Implications for the homeostatic regulation of sleep
Sleep occurs as a result of the time of day (circadian influences), being awake for a long time (homeostatic influences), or both. Numerous studies done in our laboratory and by others have suggested that adenosine is a sleep factor (Radulovacki et al., 1984; Thakkar and Mallick, 1996; Strecker et al., 2000) . We suggested that, with gradual increases in metabolic demands during wakefulness, there is an increase in ATP breakdown, which causes an increase in the intracellular levels of adenosine. This adenosine is transported out and acts on the A 1 receptor to inhibit the discharge activity of the target neurons, especially the wakefulnessmaintaining neurons of the BF, and thereby leads to sleep.
What would happen if A 1 receptors were removed or inactivated? Our hypothesis suggests that, although there would be an extracellular buildup of adenosine during prolonged wakefulness, adenosine would not be able to inhibit the activity of wakefulness-promoting neurons and thus would not suppress wakefulness and promote non-REM sleep. This is, of course, what was observed after microdialysis of A 1 receptor antisense in the cholinergic BF. We conclude that A 1 receptors in the BF are necessary to mediate the homeostatic influences of adenosine in controlling sleep-wakefulness.
